Introduction {#s1}
============

Energy drink (ED) consumption has increased over the past decade and with it an increasing number of studies have reported adverse cardiovascular events associated with these drinks (Grasser et al., [@B6]; Svatikova et al., [@B19]), such that researchers caution against the use of EDs among children, pregnant women and those with a history of cardiovascular conditions (Higgins et al., [@B7]). A recent systematic review highlighted potential detrimental effects of ED consumption, particularly in predisposed individuals and in those undergoing treatment with drugs known to modulate cardiac impulse propagation, by affecting cardiovascular and neurological systems (Ali et al., [@B3]). Moreover, EDs have also been shown to acutely increase blood pressure, heart rate and cardiac output, as well as alter electrolyte balance and induce repolarization abnormalities (Kozik et al., [@B10]) and EDs have recently been linked to a positive inotropic effect on the heart, including increasing heart rate, cardiac output and contractility, stroke volume and blood pressure (Lippi et al., [@B11]). In addition, EDs may favor endothelial dysfunction and platelet aggregation, as well as increase glycemia, total cholesterol and LDL-cholesterol (Lippi et al., [@B11]). Together these biological abnormalities have been suggested to mediate cardiovascular dysfunction (Lippi et al., [@B11]).

Despite the fact that EDs are often promoted for their ability to increase mental performance, recent studies have shown alterations in cerebrovascular function, particularly cerebral blood flow velocity (CBFV), whereby ingestion of an ED acutely reduced CBFV in healthy, young men and women (Grasser et al., [@B6], [@B5]). It is well known that gender differences in CBFV exist under resting conditions, which are suggested to originate from physiological and anatomical differences between men and women (Ackerstaff et al., [@B1]; Marinoni et al., [@B12]; Nagai et al., [@B15]). However, it is not known whether CBFV differs between genders in response to EDs. Moreover, gender differences in hemodynamic response to EDs have not previously been reported, despite the fact that the incidence of neurocardiogenic syncope in women is twice that of men (Colman et al., [@B4]).

To the best of our knowledge, two recent studies from our laboratory are the only studies that have previously documented changes in CBFV in response to ED (Grasser et al., [@B6], [@B5]). However, the sample size of both studies was too small to investigate differences between genders. Therefore, the rationale for this study was to combine both studies and conduct an analysis in order to investigate possible gender differences in a larger cohort by exploring their cerebro- and cardio-vascular responses to ED.

Materials and methods {#s2}
=====================

We carried out a retrospective analysis of data from two previously reported studies from our laboratory (Grasser et al., [@B6], [@B5]). Pooled data from the two studies gave a total of 45 (22 women) healthy, young subjects.

Subjects were students recruited from the university population and their friends. Individuals with any pre-existing disease or who were taking any medication affecting cardiovascular regulation, as well as competition athletes and individuals with a daily exercise workload exceeding 60 min per day, were excluded from the studies. All participants fasted for ≥12 h and abstained from alcohol, smoking and caffeine, as well as from vigorous exercise for 24 h before each test and were advised not to change their diet between tests. Both studies were conducted according to the guidelines laid down in the Declaration of Helsinki and the joint ethical committee of the States of Jura, Fribourg and Neuchâtel approved all procedures involving human subjects. All subjects provided written consent prior to the start of their studies.

All experiments were performed in a quiet, temperature-controlled (\~22°C) laboratory and commenced between 08:00 and 09:00 AM. Subjects attended two separate experimental visits (each separated by at least 2 days) according to a randomized cross-over design (ED versus water negative control). On arrival in the laboratory, subjects were asked to empty their bladders if necessary and proceeded to sit in a comfortable chair with armrests. Equipment for cardiovascular and cerebrovascular recordings was then attached. After a period of stability (approximately 30 min), baseline recordings were taken for at least 20 min. Following this, subjects ingested, in a non-blinded fashion, either 355 ml of degassed Red Bull ED containing caffeine (\~114 mg), sucrose and glucose (\~39.1 g), taurine (\~1420 mg), and glucuronolactone (\~84.2 mg) or 355 ml tap water at room temperature. A 4 min period was provided to drink at a convenient pace. Post-drink recordings were carried out and data for the first 80 min were pooled since both of our previous studies had similar protocols during the first 80 min with the peak hemodynamic response reached around 60--80 min. In addition, gender comparison between the two original studies revealed no significant differences for age, height, weight or BMI (all *P* \> 0.05), which justified merging the two data sets.

CBFV~mean~ was measured continuously using transcranial Doppler ultrasonography (Doppler-Box, DWL, Sipplingen, Germany), whilst end-tidal carbon dioxide (etCO~2~) was measured with a nasal cannula by infrared absorption and breathing frequency (BF) was calculated automatically from the CO~2~ curve for each breathing cycle. Cardiovascular and electrocardiographic (cardiac intervals) recordings were performed beat-to-beat using a Task Force Monitor (CNSystems, Medizintechnik, Graz, Austria) and were merged real-time with CBFV recordings; data were sampled at 1000 Hz.

Cerebrovascular resistance index (CVRI) was calculated as the mean blood pressure (MAP) at brain level divided by CBFV~mean~. Heart rate (HR) was calculated from the appropriate RR-Interval. Cardiac output (CO) was computed as the product of stroke volume (SV) and HR. MAP was calculated from diastolic blood pressure (DBP) and systolic blood pressure (SBP) as follows: MAP = DBP + 1/3 (SBP − DBP). Total peripheral resistance (TPR) was calculated as MAP/CO.

Data were analyzed using Statistix software (Version 8, Tallahassee, Florida, USA). Independent *t*-tests were performed to explore gender differences. Two-way repeated measures ANOVA was performed with time as within subject factor and gender as between subject factor. Linear regression analysis was carried out to determine significant predictors of gender effects. ANCOVA was used to determine gender differences in CBFV while controlling for respective baseline differences. All reported *P*-values are two-sided and statistical significance was set at a level of *P* \< 0.05. Data are presented as mean ± standard error (SE).

Results {#s3}
=======

Subject characteristics from the current analysis are presented in Table [1](#T1){ref-type="table"}. When comparing men and women, men were significantly older, taller and heavier than women (Table [1](#T1){ref-type="table"}). We observed significant baseline gender differences in CBFV, CVRI, BF, SBP, and TPR, but not for etCO~2~, DBP, HR, SV, or CO (Table [2](#T2){ref-type="table"}).

###### 

**Subject characteristics of 23 men and 22 women**.

                               **Men**                                        **Women**    **All**
  ---------------------------- ---------------------------------------------- ------------ ------------
  Age, years                   23.2 ± 0.7[^\*^](#TN1){ref-type="table-fn"}    21.4 ± 0.3   22.3 ± 0.5
  Height, cm                   179 ± 1[^\*\*\*^](#TN2){ref-type="table-fn"}   167 ± 1      173 ± 1
  Weight, kg                   75 ± 2[^\*\*\*^](#TN2){ref-type="table-fn"}    61 ± 1       68 ± 1.5
  Body mass index, kg •m^−2^   23.4 ± 0.6                                     21.8 ± 0.5   22.5 ± 0.6

P \< 0.05 and

P \< 0.005, significant difference comparing men and women using an unpaired t-test.

###### 

**Cerebro- and cardio-vascular responses to energy drink (ED) consumption**.

                                                          **Men**                                          **Women**                                         ***ANOVA Interaction effect (gender[^\*^](#TN4){ref-type="table-fn"}time)***   ***ANOVA Time effect***             
  ------------------------------------------------------- ------------------------------------------------ ------------------------------------------------- ------------------------------------------------------------------------------ ------------------------- --------- ----------
  Cerebral blood flow velocity, cm • s^−1^                56 ± 3[^\*\*\*^](#TN5){ref-type="table-fn"}      −5.6 ± 0.6[^\*\*\*^](#TN5){ref-type="table-fn"}   72 ± 4                                                                         −9.0 ± 0.9                \< 0.01   \< 0.005
  Cerebral vascular resistance index, mmHg • s • cm^−1^   1.6 ± 0.1[^\*\*\*^](#TN5){ref-type="table-fn"}   +0.2 ± 0.0                                        1.2 ± 0.1                                                                      \+ 0.2 ± 0.0              0.69      \< 0.005
  End-tidal carbon dioxide, mmHg                          38.5 ± 0.6                                       −0.6 ± 0.2[^\*^](#TN4){ref-type="table-fn"}       36.9 ± 0.6                                                                     −1.4 ± 0.2                \< 0.01   \< 0.005
  Breathing frequency, breaths • min^−1^                  14.4 ± 0.6[^\*^](#TN4){ref-type="table-fn"}      +1.1 ± 0.3                                        16.4 ± 0.5                                                                     +1.3 ± 0.2                0.60      \< 0.005
  Systolic BP, mmHg                                       119 ± 2[^\*\*\*^](#TN5){ref-type="table-fn"}     +2.3 ± 0.9                                        112 ± 2                                                                        +3.7 ± 1.1                0.80      \< 0.005
  Diastolic BP, mmHg                                      76 ± 1                                           +2.4 ± 0.7                                        73 ± 2                                                                         +2.4 ± 0.8                0.51      \< 0.005
  Heart rate, beats • min^−1^                             61 ± 2                                           +1.9 ± 0.6                                        62 ± 2                                                                         +1.1 ± 0.7                0.34      \< 0.005
  Stroke volume, mL                                       82 ± 3                                           +2.6 ± 0.8                                        84 ± 3                                                                         +2.6 ± 0.9                0.14      \< 0.005
  Cardiac output, L • min^−1^                             5.0 ± 0.1                                        +0.3 ± 0.1                                        5.2 ± 0.2                                                                      \+ 0.4 ± 0.1              0.23      \< 0.005
  Total peripheral resistance, mmHg • min • L^−1^         18.5 ± 0.4[^\*^](#TN4){ref-type="table-fn"}      −0.6 ± 0.3                                        17.0 ± 0.6                                                                     −0.2 ± 0.3                0.53      0.04

BP: Blood pressure;

mean responses over 80 min compared to baseline values equivalent to the area under curve presented as a delta;

P \< 0.05 and

P \< 0.005, significant different difference comparing men and women using an unpaired t-test.

In response to ED consumption, no significant gender differences in the major hemodynamic variables (SBP, DBP, HR, SV, CO, TPR) were found (*P* \> 0.05, all; Table [2](#T2){ref-type="table"}). CVRI and BF were also not significantly different between genders (*P* \> 0.05, all). In contrast, there were significant gender differences in the reductions in CBFV and etCO~2~ with a greater response in women (Figures [1A,B](#F1){ref-type="fig"}; Table [2](#T2){ref-type="table"}). Linear regression analysis revealed a significant influence of baseline CBFV on changes in CBFV (*r* = 0.7, *P* \< 0.01). However, even when expressed as a percentage of the baseline value, women showed a greater reduction in CBFV than men in response to ED (−12.3 vs. −9.7 %, *P* \< 0.05; Figure [1C](#F1){ref-type="fig"}). Similarly, women also showed a significantly greater reduction in etCO~2~ as a percentage of baseline compared with men (−3.6 vs. −1.4 %, *P* \< 0.05; Figure [1D](#F1){ref-type="fig"}). However, no significant correlation was observed between the absolute and % changes in CBFV and changes in etCO~2~ among all subjects, as well as for men and women, separately (Figures [2A,B](#F2){ref-type="fig"}).

![**(A,B)** Time course changes for cerebral blood flow velocity (CBFV) and end-tidal carbon dioxide (etCO~2~) after ingestion of 355 ml of an energy drink in 23 men (open circle) and 22 women (closed rhombus). ^\*^*P* \< 0.05, ^\*\*\*^*P* \< 0.005, statistically significant differences over time from baseline values using repeated measures ANOVA with Dunnett\'s multiple comparison *post-hoc* test. **(C,D)** Mean changes over 80 min post-drink and presented as a percentage change relative to baseline values in men and women. **\#***P* \< 0.05, statistically significant difference between CBFV responses in men and women using an unpaired *t*-test.](fphys-07-00346-g0001){#F1}

![**Linear regression analyses of (A) absolute changes in cerebral blood flow velocity (CBFV) and end-tidal carbon dioxide (etCO~2~), (B) percentage changes in CBFV and etCO~2~, (C) absolute change in CBFV and body weight, (D) percentage changes in CBFV and body weight, (E) absolute changes in CBFV and BMI, (F) percentage changes in CBFV and BMI in 23 men (blue circle) and 22 women (red circle)**. Regression lines for all subjects (black), men (blue), and women (red) are highlighted. ^\*^*P* \< 0.05, statistically significant correlation.](fphys-07-00346-g0002){#F2}

The potential effect of anthropometric variables on CBFV was also examined. A significant correlation was observed between changes in CBFV and body weight among all subjects (*r* = 0.34, *P* = 0.02; Figure [2C](#F2){ref-type="fig"}), but not for men (*r* = 0.02, *P* = 0.97) and women (*r* = 0.08, *P* = 0.73) separately, and the regression slopes were not significantly different between men and women (*P* = 0.73). No correlation was found between % change in CBFV and body weight for any group (Figure [2D](#F2){ref-type="fig"}). No significant correlation was observed between absolute change in CBFV or % change in CBFV and BMI for any group (Figures [2E,F](#F2){ref-type="fig"}).

Stepwise linear regression was carried out using the change in CBFV as dependent variable and baseline CBFV, CVRI, BF, SBP, and TPR, as well as the change in etCO~2~ and weight as independent variables. Results showed that baseline CBFV was the only significant predictor of the change in CBFV, while all other variables were dropped from the regression model. Further analysis controlling for baseline CBFV using ANCOVA diminished the gender response, but it nonetheless remained significantly greater in women than in men (*P* \< 0.05).

Discussion {#s4}
==========

ED consumption resulted in a significant reduction in CBFV in young, healthy subjects with a greater CBFV reduction in women compared with men. This gender difference remained significant even after adjusting for baseline differences in CBFV.

Our finding of gender differences in baseline CBFV is in line with previous investigations showing higher middle cerebral artery (MCA) flow velocity in women compared with men (Ackerstaff et al., [@B1]; Marinoni et al., [@B12]), which was age-independent (Ackerstaff et al., [@B1]). Similarly, Nagai et al. demonstrated significantly higher systolic and diastolic flow velocities in women compared with men in the MCA and the internal carotid artery (Nagai et al., [@B15]). Several factors may contribute to these observations. The lower hematocrit in women compared with men may lead to greater blood flow per 100 g of brain tissue in order to compensate for the decreased oxygen transport capacity to the metabolically active organ. In addition, the anatomically smaller arterial size in women compared to men translates, for the same amount of blood flow, into a greater flow velocity (Nagai et al., [@B15]).

The reduction in CBFV in response to ED might result from the caffeine contained in the ED, as previous studies have demonstrated reductions in cerebral blood flow (CBF) in response to caffeine ingestion (Mathew and Wilson, [@B13]; Addicott et al., [@B2]). In our study, men and women received the same dose of ED, but since women are smaller in body weight one might expect a higher concentration of circulating caffeine in the bloodstream and thus a greater response to ED. However, when data for men and women were analyzed separately, no significant correlation was observed for CBFV and body weight, which suggests that there was no dose effect. In fact, the observation that the regression lines for men and women were nearly horizontal and not significantly different, but with a line shifted downward and to the left for women (Figures [2C,D](#F2){ref-type="fig"}), suggests that factors other than body weight may contribute to the greater CBFV response in women. Given that etCO~2~ has been shown to be a determinant of cerebral blood flow (CBF) (Mathew et al., [@B14]), and that we identified a significant gender difference in etCO~2~ in response to ED, we then explored whether this change in etCO~2~ may play a role in the observed changes in CBFV. However, although ED ingestion led to a greater decrease in etCO~2~ in women on average, we found no significant association between changes in CBFV and changes in etCO~2~, which is in line with a previous report showing that decreases in CBF in response to caffeine were not associated with changes in etCO~2~ (Mathew and Wilson, [@B13]).

In addition to caffeine, the ED used in this study contained \~39.1 g of sugar, which may have contributed to the change in CBFV. In this context, sugar has been shown to modulate CBF, as demonstrated by Page et al. ([@B16]), who showed a greater reduction in hypothalamic CBF following ingestion of 75 g of glucose vs. fructose (−5.45 vs. 2.84 mL/g per minute, respectively). A more recent study, using noninvasive MRI, found that although CBF was unaltered, 50 g of glucose induced a time-dependent reduction in cerebral metabolic rate of O~2~ (Xu et al., [@B21]). A modulatory effect of sugar on CBFV therefore should not be ruled out. Additionally, the possibility that a combination of caffeine and sugar may exert a synergistic effect on CBFV should also be considered. Such an effect may be mediated by insulin, which has been shown to modulate CBF, although the direction of this effect is not yet clear (Page et al., [@B16]; Schilling et al., [@B17]).

Although weight correlated significantly with changes in CBFV, the effect was no longer present when men and women were investigated separately, and when a stepwise linear regression model was applied. Correlations between BMI and resting CBFV have been shown, but are controversial: a positive correlation was observed in women with anorexia nervosa (Kojima et al., [@B9]), while a negative correlation was found in patients with type-2 diabetes mellitus, hypertension, and stroke (Selim et al., [@B18]). Studies among subjects with anorexia nervosa allude to a possible influence of body weight on CBF, and show lower CBF in the bilateral anterior lobes (Kojima et al., [@B9]), as well as hypoperfusion in the anterior temporal lobe, which was not observed in a control group of non-anorexic women (Key et al., [@B8]). However, in the current study, although women appear to have a greater sensitivity to EDs, this effect was not explained by the influence of body weight (or etCO~2~) and therefore, is likely to be due to other factors yet to be determined.

A syncopal event can arise in response to any condition that diminishes CBF and oxygenation of regional cerebral tissue (Van Lieshout et al., [@B20]). Given that the incidence of neurocardiogenic syncope in women is twice that of men (Colman et al., [@B4]), this study has particular implications for women who appear to experience a greater reduction in CBFV than men in response to EDs. Future studies are warranted to investigate the role of ED consumption in patients suffering from vasovagal syncope and/or orthostatic intolerance.

Strengths of our study are the randomized and cross-over study design of the original studies, as well as the extensive data available on beat-to-beat derived cerebrovascular and cardiovascular parameters providing a high time-resolution. A limitation of the current study is the fact that data were analyzed retrospectively and that no blood-derived data on caffeine were available.

In conclusion, this retrospective analysis identified reduced CBFV in response to an ED, which differed significantly between genders, with women showing a greater reduction in CBFV than men. This gender effect was independent of body weight and etCO~2~, and persisted even after adjustment for differences in baseline CBFV. This study adds to the growing body of literature on the potential adverse effects of EDs, particularly the cerebrovascular effects, and reports a novel gender difference in CBFV in response to ED consumption. However, future intervention studies are warranted to determine the mechanisms of these gender differences.
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